Both sporulation and protease production can be inhibited by growing Bacillus cereus T in a medium containing a high concentration of a mixture of amino acids. Mutants selected for the ability to sporulate in this inhibitory medium were found to produce high levels of protease in the normal and inhibitory media. Comparison of the mutant and wild-type enzymes by gel electrophoresis and heat inactivation suggested that they were identical. One of the mutants proved to be a purinerequiring auxotroph. Reversion to prototrophy resulted in the loss of the capacity to sporulate in the inhibitory medium and loss of the ability to produce large amounts of protease. Mutants capable of producing high levels of protease and of sporulating in the inhibitory medium were also found when selecting for a purine, pyrimidine, or lysine requirement or for the capacity to sporulate in the presence of a high concentration of glucose. Protease production could be considerably delayed in the purine auxotrophs or completely inhibited in the pyrimidine auxotrophs by growing the cells in a medium containing the inhibitory mixture of amino acids plus hypoxanthine for the former or a pyrimidine for the latter. The fact that a variety of metabolic alterations could lead to excessive protease production suggested that a common catabolic or biosynthetic intermediate was involved in the control of the production of this enzyme(s).
The production of an extracellular proteolytic enzyme, especially during the stationary phase of growth, is a characteristic of many bacterial species (2, 3, 7, 15) . The function of this enzyme is not known, but its production is correlated with the onset of a high rate of protein turnover (11, 12) and of sporulation in certain bacilli (2, 18, 19) . A possible causal relation between sporulation and protease production has been suggested by mutant analysis and genetic studies (17, 18) ; i.e., the capacity to form an extracellular protease appears to be closely linked (genetically or functionally) to the capacity to sporulate.
In the present paper, some factors influencing the level of extracellular protease have been studied in a sporulating bacterium, Bacillus cereus T. The observation of Neumark and Citri (14) that incubation of cells in high levels of certain amino acids inhibits extracellular protease production has been extended (see also 4) . For the organism employed here, incubation with amino acids not only inhibits protease production, but also sporulation. Mutants capable of sporulating in the inhibitory mixture of amino acids have been isolated, and their protease production and nutritional requirements have been studied. Other mutants with alterations in catabolic or biosynthetic pathways have been isolated and studied in a similar manner. The results suggest that protease production is regulated by the level of one or more catabolic or biosynthetic intermediates.
MATERIALS AND MirrHoDs
Growth. B. cereus T was grown in G medium (6) or a synthetic medium [CDGS of Nakata (13) ] by use of a spore inoculum (0l per milliliter, final concentration). The growth and sporulation of this organism in G medium have been well documented (1, 6) . G medium was supplemented with Difco Casamino Acids to 10 mg/ml. The following L-amino acids (Calbiochem, Los Angeles, Calif.) were also added to G medium: methionine, arginine, serine, glycine, alanine, isoleucine, leucine, valine, glutamic acid. The choice of this particular mixture (with the omission of aspartic acid) was based on a previous report (14) . G medium plus Casamino Acids plus the above amino acids at 1.5 mg/ml is referred to as IM.
Growth was followed by measuring the optical density in a Coleman no. 8 colorimeter with a 655-mni ifiter.
Measurement of protease. Samples of the culture were centrifuged in a Sorvall RC2 refrigerated centrifuge in an SS34 rotor at 10,000 rev/min for 10 min.
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The supernatant fluid was carefully decanted, and 0.1 to 0.5 ml was used for the assay. Portions (12.5 mg) of Azocoll (Calbiochem) were weighed into test tubes and suspended in 1 ml of 0.2 M sodium phosphate (pH 7.6). After addition of the supernatant fluid, the volume was brought to 2.5 ml with distilled water and the tubes were incubated at 37 C for 15 min. Since calcium is required for activity (7), a buffer consisting of 0.05 M tris(hydroxymethyl)aminomethane (Tris), pH 7.8, plus CaCl2 (2 X 10-3 M) was used in some cases instead of phosphate. For most assays, however, there was sufficient calcium present in the supernatant fraction, but greater activity (30 to 40%) was obtained in the Tris-CaCl2 buffer when supernatant fractions from very old cultures or cultures with very high cell densities (greater than 109 per milliliter) were employed. Under these circumstances, the calcium in the medium apparently was depleted by the sporulating cells (19) .
The reaction was terminated by filtering the suspension through Whatman no. 1 paper. The absorbancy at 580 m,u of the filtrate containing the soluble azo dye was measured in a Zeiss spectrophotometer. Results are expressed in terms of 0.5 ml of supernatant fluid, and are accurate to within 412% (for 2 SD). The enzyme reaction is linear with time up to an absorbancy at 580 m,u of 0.3, so appropriate portions of the supematant fraction were used. The rate of enzyme activity obtained with the assay is proportional to the amount of enzyme used.
For specific activity determinations, the cells in the pellet were dissolved in 0.2 N NaOH, or a portion of the dialyzed supernatant fluid was adjusted to 0.2 N NaOH, and the protein content was measured (9) . Portions of the culture were removed usually at hourly intervals for determination of protease activity (see Fig. 1 ). Where single values are reported, (either absorbancy at 580 m,u per 0.5 ml or specific activity), they represent the highest activity found.
Other substrates were not extensively tested to establish whether there may be proteases with different specificities produced at the same or at different times (15) . If the activity found represents a single enzyme, it has a fairly broad specificity, since a crude bacterial extract (labeled with 14C-amino acids) is readily hydrolyzed.
Purification of protease. Cells were grown in G medium, and the supernatant fluid was assayed for protease at various times. At a time of maximal production (10 to 11 hr after inoculation), the cells were centrifuged at 7,000 rev/min for 15 min in a Sorvall GSA rotor. The supernatant fraction was chilled to 4 C, and an equal volume of cold acetone was slowly added (100 ml/hr). The Isolation of mutants. A 1:100 dilution of a culture grown for 40 hr in IM was heated at 80 C for 30 min. A 0.1-ml amount of the heated culture was then transferred to fresh IM, and the cycle was repeated three more times. Finally, a loopful was streaked on solidified G medium, and an isolated colony was picked for further study (MU-1).
Two other mutants, MU-3 and MU-9, were obtained by a similar procedure. MU-3 was a spontaneous mutant, whereas MU-9 was derived from a culture of vegetative cells which had been exposed to ultraviolet light (to 0.5% survival when plated on solidified G medium).
Two purine-requiring mutants designated 11 and 16 were isolated from a culture treated with Nmethyl-N'-nitro-N-nitrosoguanidine (10) . Cells grown to the end of the log phase were harvested by centrifugation and suspended in G medium buffered at pH 7.5 with 0.1 MTris (2 X 108 to 4 X 108 cells per milliliter). Nitrosoguanidine (Aldrich Chemical Co., Inc., Milwaukee, Wis.) was added to 0.35 mg/ml, and the culture was incubated on a rotary shaker at 30 C for 2.5 hr (about 0.1% survival). Samples were plated on CDGS medium containing 5 jug/ml each of adenine, guanine, cytosine, and uridine, so that there were 100 to 150 colonies per plate. After 48 hr of incubation at 30 C, replicas were made onto CDGS medium, CDGS medium supplemented with the four bases, and onto G medium plates. After 24 hr, colonies appearing on only the last two media were picked, suspended in sterile distilled water, and retested. Two auxotrophs (of 2,800 replicated) were isolated which grew well with adenine, guanine, or hypoxanthine. A similar procedure was employed to isolate lysine-and pyrimidine-requiring mutants.
A mutant capable of sporulating in the presence of high levels of glucose (G1-1) was isolated by an enrichment technique similar to that described for MU-1. Growth in G medium supplemented with at least 3% (w/v) glucose results in greater than 99% inhibition of spore formation. Cells were grown in G medium buffered at pH 7.4 with 0.05 M Tris supplemented with 5% glucose. After 36 hr of incubation, a 1:100 dilution was heated at 80 C for 30 min, and 0.1 ml was subcultured irto the same medium. The cycle of growth and heating was repeated a total of five times. After the final heating, a loopful was streaked on G medium plates, and several isolated colonies were tested for their ability to sporulate in the presence of 5% glucose.
Per cent sporulation was measured by counting at least a total of 100 cells plus spores in a PetroffHausser chamber or by plating (in triplicate) on G medium before and after heating at 80 C for 20 min. For many experiments where long incubation times PROTEASE PRODUCrION IN B. CEREUS were employed, the viability of nonsporulating cells decreased markedly. In addition, cell clumping led to inaccurate viable counts. The direct counting method has, therefore, been used more extensively, although the heat resistance of the spores has been measured in all experiments.
RESULTS
Nutritional studies. Growth in a mixture of G medium, Casamino Acids, and the 9 other amino acids (IM) resulted in greater than 99% inhibition of spore formation (Table 1 ). Table 1 also shows that use of lower concentrations of amino acids resulted in less inhibition of spore formation. Very high levels of amino acids were routinely employed, since maximal inhibition is critical for biochemical studies and for the selection of mutants capable of sporulating in IM. Although the choice of amino acids is probably somewhat arbitrary, none of the nine amino acids use singly (in the presence of Casamino Acids) was sufficient to cause greater than 30% inhibition of spore formation (Levisohn, M. S. Thesis, Purdue Univ., Lafayette, Ind., 1964). An exhaustive study was not made of the exact amino acid requirements for inhibition, since it is clear that the amino acids are metabolized (see cell counts in Table 1 ). The nature of the true inhibitory substance(s) is not known (see also 5).
Although growth in IM resulted in much higher cell counts (two to three times) than in G medium, this difference could not explain the inhibition. High cell densities were obtained in media containing Casamino Acids with only partial inhibition of spore formation and of protease production ( Table 1) .
Kinetics of protease production in mutants. To determine whether there was a causal relationship between protease production and sporulation, mutants capable of sporulating in IM were isolated (see Materials and Methods). The capacity of one of the mutants (MU-1) and the wild type to grow and produce protease is summarized in Fig. 1 . Although not shown in the figure, MU-1 sporulated (about 90%) in all media, whereas the wild type sporulated (more than 98%) only in G or G plus Casamino Acids (see Table 1 ). MU-1 never sporulated completely in IM (80 to 90%), but this was probably owing to the high cell density and extensive clumping.
As shown in Fig. 1 , the protease was first detected when the rate of growth was decelerating or had just stopped, and was always considerably higher in the MU-1 cultures. The appearance of activity at this time was not due to activation resulting from the depletion of amino acids (i.e., removal of end-product inhibitors), since full activity was found in the presence of a mixture of 18 amino acids. Enzyme activity was virtually completely absent for the wild type in IM (Fig. Id) , although some activity (two to three times that shown) was found when the medium was supplemented with 2 X 104 M CaCl2.
It is also evident from Fig. 1 that enzyme activity reached a maximum in 4 hr or less after growth stopped, and remained constant for the wild type (especially if excess calcium was added to the medium) until free spores were formed. In the mutant, however, the high levels of activity very often decreased subsequently (Fig. Id) . The cause of this decrease was partly depletion of calcium in sporulating cells (19) showed high protease levels in the four media but grew as well as the wild type in all cases.
Properties ofrevertants. The fact that MU-1 did not grow to as high an optical density as the wild type in G medium supplemented with amino acids (Fig. lb, c) suggested that a mutant with a lesion in a metabolic pathway may have been selected. The three mutants were therefore streaked on agar plates containing synthetic media (13) . Although MU-3 and MU-9 grew as well as the wild type, MU-1 was unable to grow. A nutritional study was undertaken on MU-1 by supplementing the synthetic medium. Addition of adenine, guanine, or hypoxanthine permitted growth, although more growth was found with guanine (or guanosine).
The presence of a purine requirement could mean that either a double mutant had been selected or that the alteration was in some way related to protease production. To distinguish between these two alternatives, revertants of MU-1 were picked by streaking the mutant on the synthetic medium. These revertants were then tested for their capacity to produce high levels of protease and to sporulate in IM ( Table 2) .
The mutant, MU-1, was grown on G medium, and about 38,000 cells were plated on synthetic medium. Sixteen revertants were found and, although they did not all behave like true revertants, the frequency was still consistent with MU-1 being a one-step mutation. Of the 16 capable of growing on synthetic medium, 7 had lost the capacity to produce high levels of protease. These same seven were unable to sporulate in IM. All of the other nine were able to sporulate in IM, but some had altered levels of protease (see Ta and ITc in Table 2 ), suggesting a second mutation rather than a true reversion. Fig. 1 troph, two mutants already described, MU-3 and MU-9, with no known nutritional requirement, and a mutant selected for its ability to sporulate in the presence of a high concentration of glucose (GI-l). This glucose resistance was also present in mutants MU-1, MU-3, and 11 (the only ones tested).
Even though these mutants produced large amounts of protease in G medium or IM, there was always somewhat less in the latter medium (Table 4 , see MU-1). When IM was further supplemented with hypoxanthine, then the level of protease produced by the purine auxotroph was completely repressed (Table 4) . Addition of hypoxanthine to G medium caused no alteration of protease production for the wild type or purine auxotrophs,.
The addition of hypoxanthine to IM resulted in growth of the purine auxotrophs to the same optical density as the wild type, with protease production inhibited for at least the 4-hr period immediately following the last division. These mutants can apparently metabolize hypoxanthine, however, because after a 5-to 10-hr lag (depending on the concentration of hypoxanthine) they produced protease and eventually sporulated (5 to 10 hr later than usually found in IM).
Similar results were found with the pyrimidine auxotroph when IM was supplemented with either uracil or cystosine (20 jig/ml).
Properties ofprotease. It has been assumed that the mutants studied have been altered in their capacity to produce protease, i.e., regulatory mutants. Alternatively, differences among the mutants could reflect: (i) changes in the primary structure of the protease resulting in a more active enzyme or (ii) changes in the activation or release of the protease (8) .
To test the first hypothesis, the proteases were purified as described in Materials and Methods, and their electrophoretic and heat stability properties were compared. Enzyme from the wild type and all of the mutants migrated predominantly as a single band in polyacrylamide gel at pH 9.5 with the same mobilities relative to a dye marker (Fig. 2) . The heat-inactivation curves were identical (Fig. 3) . It is tentatively concluded, therefore, that the primary structures have not been changed.
To test the second hypothesis, cells were incubated with 3H-leucine during growth (to 8.5 hr after inoculation; see Fig. 1 ) or beginning at the time of protease production (9.5 to 11 hr). Each culture was grown for a total of 11 hr. The protease was then purified from the supernatant fluid, and the specific activities were determined (Table 5 ). Radioactivity was found in the protease only when the 3H-leucine was present during production. The higher specific activity of the cells as compared with the protease when labeled between 9.5 and 11 hr may mean that the leucine content of cell protein is higher than that of the purified protease. Similar results were found with MU-i, 11, and 16, suggesting Table 3 were also tested and gave similar results. wild type and mutants grown in G medium or IM. The distribution of protease activity for the wild type at a time of maximal production (11 hr) is shown in Table 6 . Less than 3% of the recovered activity was found in the cells. Similar patterns were found for MU-1 grown in G or IM. No intracellular activity could be detected in wildtype extracts prepared from cells growing exponentially in G medium (7 hr; see Fig. la) or from cells grown for 11 hr in IM. It appears unlikely, therefore, that an altered release mechanism is involved in the appearance of extracellular protease activity.
DiscussIoN
The hypothesis which has been adopted in the course of these experiments is that extracellular protease production is controlled by the level of a repressor which is directly or indirectly an intermediate in many pathways. Because of the variety of mutants which can synthesize high levels of protease, it has been assumed that, if only one repressor is involved, it must be a metabolite which is common to many biosynthetic pathways.
When the rate of growth is reduced below a certain critical level, the amount of this repressor is lowered, and derepression of protease synthesis occurs. This enzyme could then function by digesting available polypeptides, providing amino acids for further protein synthesis and also for a variety of carbon skeletons which are not in ready supply.
According to this hypothesis, when high levels of a mixture of amino acids are provided, they are preferentially used in protein synthesis and they can also be utilized in other biochemical pathways. As a result, the postulated repressor would not be depleted and protease production remains repressed. In the auxotrophs studied, however, the level of repressor was depleted even in an amino acid rich medium (IM). The cause of this depletion may be related to an ability of these mutants to excrete precursors accumulating prior to the genetic block. If this excretion is prevented by the addition of the related end product (i.e., by feedback inhibition), then there is no drain of the repressor and protease production is inhibited ( Table 4 ).
The correlation found between protease production and spore formation may have functional significance or it may be fortuitous. Since a catabolic or biosynthetic intermediate has been assumed to be involved in the regulation of protease production, the same compound may also function in the regulation of synthesis of spore structural components (16) . These two properties appear to be closely linked in B. subtilis, but the two f,unctions have been separated since nonsporulating mutants capable of producing a protease have been described (18) . In 
